I. INTRODUCTION
Crossover of two transmission lines is one of the most important issues in design of the modern RF and microwave integrated circuits. Recently, many papers on the use or design of novel crossover circuits have been presented [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In a fully planar circuit, when two signal traces cross over each other, the most intuitive way to have good isolation is to use three-dimensional structure such as via, wire-bond and air-bridge [1] [2] [3] . To characterize the microstrip crossing, fullwave analysis is inevitable when operation frequency is high [1] . The coplanar waveguide crossover junction circuit demonstrated in [2] shows excellent performance up to millimeter-wave bands. In [3] , some possible improved microstrip crossover junctions are studied and analyzed.
To reduce the design complexity, a series of multi-port planar couplers with crossover applications have been presented in [4] [5] [6] [7] [8] [9] [10] . An ideal four-port crossover can provide 0-dB insertion loss to diagonal ports and perfect isolation to adjacent ports. In [4] , microstrip and stripline crossovers are contrived on the basis of two cascaded branch-line hybrids. In [5] , octave-wide matched symmetrical and reciprocal fourand five-port networks are investigated. In [6] , a circular disk is proposed for a symmetrical and reciprocal four-port crossover junction. In [7] , a novel planar configuration of 0-dB directional coupler is presented as a single-layer crossover for use in microwave integrated circuits. The "window"-design circuits are composed of several branchline couplers connected in two dimensions. Such circuits may have an improved bandwidth if the characteristic impedances of the constitution branches can be properly designed [8] .
Recently, in [9] , a double-ring structure is proposed for design of microstrip four-port crossover coupler. The eigenmode model is developed for analysis to investigate the circuit performance. The measured data of the circuit show that the isolation and return loss of the prototype coupler exceed 20 dB over a bandwidth of 20%. An improved version is investigated in [10] . A four-port crossover coupler with a much simpler configuration is analyzed in [11] . Based on the transmission line theory, its analysis equations can be easily formulated and design graphs can be created.
Note that in [4] - [11] the four ports have identical termination impedances. In many applications, however, there is a need for two transmission lines crossover each other having different characteristic impedances. In this paper, an improved microstrip double-ring crossover junction with arbitrary termination impedances is devised based on the circuit topology studied in [10] . In order to maintain the circuit symmetry, each pair of diagonal ports is assumed to have identical termination impedances. Extra geometry parameters are incorporated into the design, and emphasis is placed on circuit formulation and realization. With aid of the transmission line theory, it is found that only two simultaneous equations are sufficient for determining the circuit geometry. Then several sets of design curves are created and discussed. On the strength of these plots, all structure parameters can be readily obtained once the port impedances are given. Two circuits with different operation frequencies are carried out and the measured responses are used to validate the theoretical analysis and simulation data.
In the following, Sec. II shows the structure and formulation of the proposed crossover junction. Some useful design graphs are also provided. Sec. III demonstrates the simulation and measurement results. Sec. IV draws the conclusion. In analysis, the PP' and QQ' planes can be assigned as either an electric or a magnetic wall [12] . Fig. 2 shows the reduced equivalent circuit of the proposed structure when signal is imposed at port 1 using PP' as the symmetric plane. When the PP' plane is replaced by an electric and magnetic wall, the load impedances Z L1 is zero and 2Z o2 , and Z L2 is zero and infinite, respectively. Four reflection coefficients can be derived and all S-parameters of the junction can be obtained [10] . When input is excited at port 1, for instance, S 11 = S 21 = S 41 = 0 and |S 31 | = 1 should be obtained at the design frequency. Based on these conditions, the following two equations can be derived:
where t i = tanT i (i = 1 ~ 4). Then, inserting (1a) into (1b) leads to
Similarly, when a signal is imposed at port 2, S 12 = S 22 = S 32 = 0 and |S 42 | = 1 should be established. Based on (2), by interchanging (Z 1 , T 1 ) with (Z 4 , T 4 ) and replacing Z o1 with Z o2 , we have
In the circuit, there are eight variables to be solved by these equations. Obviously, there are infinite numbers of solutions since the number of equations is far less than the number of variables. Fig. 3 plots some solutions to design of the proposed crossover junction. Here, all the line impedances are normalized with respect to Z o = 50 :, i.e., z i = Z i /Z o (i = 1 ~ 4). Fig. 3(a) shows changes of z 3 Two circuits are fabricated and measured to confirm the formulation. The circuit simulation is done by the software package IE3D [13] . Fig. 4 plots the simulated and measured results of the first circuit having two diagonal port impedances Z o1 = 50 : and Z o2 = 100 : designed at f o = 2.45 GHz. The substrate has H r = 2.2 and h = 0.508 mm. Fig. 4(a) shows the magnitude responses of the S-parameters when the signal is excited into port 1, the measured data at f o show that |S 11 Fig. 4(b) shows the S-parameter responses when the signal is fed into port 2. The measured bandwidths of |S 12 |, |S 22 |, |S 32 | and |S 42 | are 18%, 41%, 18% and 30%, respectively. One can observe that the measured results agree very well with the simulation responses. Fig. 5 depicts the results of the second circuit designed at f o = 5.2 GHz with Z o1 = 50 : and Z o2 = 100 :. Fig. 5(a) shows the results for excitation at port 1. In measurement, |S 11 | = -40.0 dB, |S 21 | = -32.3, |S 31 | = -0.13 dB, and |S 41 | = -33.0 dB. The total power loss calculated from the measured data is only 2.98%. The 15-dB bandwidths of |S 11 |, |S 21 | and |S 41 | are 33%, 18% and 18%, respectively, and the 0.5-dB bandwidth of |S 31 | is 24%. The simulation and measured responses for excitation at port 2 are shown in Fig. 5(b) . Here, the bandwidth of |S 12 |, |S 22 |, |S 32 | and |S 42 | are 18%, 22%, 18% and 23%, respectively. The photograph of the measured circuit is in Fig. 5(c) . 
V. CONCLUSION
Based on an existing double-ring crossover coupler, an extension to have different diagonal port impedances is performed. Based on the transmission line theory, formulation for analyzing the circuit is derived and solution curves are investigated. Two circuits designed to operate at 2.45 GHz and 5.2 GHz are realized and measured to validate the proposed circuit. The measured circuit possesses good return loss and isolation, and its total power loss is less than 4.8%. Measurement results show that the circuit bandwidths can be around 20%. Good agreement between simulation and measured results is obtained.
